Introduction {#S0001}
============

Tumors of the colon and rectum (colorectal carcinoma; CRC) are the most frequent tumors of the digestive tract, and continues to be one of the leading causes of cancer-related death globally. Annually \~1.4 million cases of CRC are diagnosed worldwide, causing the death of around 700.000 patients.^[1](#CIT0001)^ Surgical resection of the primary tumor is the cornerstone of treatment. Unfortunately, patients frequently develop distant metastases within a short period after surgery, which is accompanied by high morbidity and mortality.^[2](#CIT0002)^ The liver is the main target organ for metastases development. Synchronous liver metastases are found in \~20% of patients with CRC at the time of surgical resection of the primary tumor.^[2](#CIT0002)^ Additionally, \~10-25% of the patients who do not have evidence of metastatic disease at the time of resection and as such are eligible for curative surgery, will nonetheless develop colorectal liver metastases within five years.^[3](#CIT0003),\ [4](#CIT0004)^

Paradoxically, a growing body of evidence suggests that surgical trauma may promote the risk of metastases development.^[5](#CIT0005)-[7](#CIT0007)^ There is no consensus yet on whether laparoscopic colectomy is superior to open approach with respect to oncological outcome of cancer patients, and conflicting data has been described. In one study it was reported that patients undergoing conventional open colectomy for removal of the colorectal tumor had poor long-term cancer related survival compared to patients undergoing laparoscopy-assisted surgery.^[8](#CIT0008)^ Two other studies confirmed the oncological safety of laparoscopic surgery for colorectal cancer, but did not show differences in long term patient outcome.^[9](#CIT0009),\ [10](#CIT0010)^ A recent study in which laparoscopic versus open surgery for rectal cancer was compared, showed similar overall rates of locoregional recurrence, disease-free and overall survival.^[11](#CIT0011)^ However, a small benefit in disease-free survival after laparoscopy of patients with stage III disease was suggested. Further studies are required to establish if reducing surgical trauma during cancer surgery is correlated with improved survival.

A correlation between surgical trauma and tumor outgrowth was however strongly supported by multiple experimental studies, as it was demonstrated in animal models that surgery increased both locoregional and distant tumor development.^[12](#CIT0012)-[16](#CIT0016)^ We previously demonstrated in a rat model that laparotomy led to activation of macrophages in the liver (also referred to as Kupffer cells; KCs), which subsequently produced ROS.^[17](#CIT0017)^ The major source of ROS in immune cells is a nicotinamide adenine dinucleotide phosphate oxidase (NOX) enzyme complex, which is composed of multiple membrane associated and cytosolic components.^[18](#CIT0018)^ After exposure to bacterial products such as lipopolysaccharide (LPS), macrophages as well as PMNs get activated and generate ROS via NOX enzymes. ROS production had a destructive effect on the integrity of the liver vasculature, resulting in exposure of sub-cellular extracellular matrix (ECM) components to which circulating tumor cells adhered in an experimental rat model.^[16](#CIT0016)^

Importantly, circulating tumor cells are present in peripheral blood of patients with CRC prior to surgery.^[19](#CIT0019)-[21](#CIT0021)^ Moreover, it was shown that the number of circulating tumor cells increased during, or shortly after resection in both peripheral and portal blood, which suggest that manipulation of the primary CRC may lead to dissemination of tumor cells.^[21](#CIT0021)-[23](#CIT0023)^ Post-operative detection of circulating tumor cells was associated with tumor recurrence and poor long-term survival of patients.^[24](#CIT0024)-[29](#CIT0029)^ Thus, surgery-induced alterations in the liver vasculature in patients may contribute to the development of liver metastases by allowing increased adhesion of circulating tumor cells.

Additionally, several studies linked per-operative bowel perforation or anastomotic leakage after resection of CRC with increased tumor recurrence and higher cancer-specific mortality.^[30](#CIT0030)-[38](#CIT0038)^ Since the colon contains the largest bacterial load in the body, surgical resection may lead to bacterial translocation into the abdominal cavity or blood circulation. Endotoxin, which is an important component of the outer membrane of Gram-negative bacteria, was detected in post-operative plasma of patients.^[39](#CIT0039)^ Elevation of endotoxin levels in blood was accompanied by intestinal permeability, which suggested that the epithelial barrier was impaired after surgery.^[39](#CIT0039),\ [40](#CIT0040)^ Since the liver is the first organ receiving blood from the intestines, bacterial components may activate KCs and PMNs and induce ROS production. Patients with positive bacterial translocation after surgery had significantly shorter disease-free survival,^[41](#CIT0041)^ supporting the negative impact of bacterial contamination after surgery on oncological outcome. However, the exact role of bacterial translocation in liver metastases development is unknown.

We therefore investigated the effects of surgical resection of CRC in blood or plasma samples of patients on immune cells counts and the levels of inflammatory markers. Additionally, we determined the effect of colectomy on the expression of NOX enzymes in pre- and post-operative liver samples. To investigate bacterial translocation during colon resection and the effects on tumor cell adherence and liver metastases outgrowth, we established an experimental colectomy model in which a part of the colon was removed surgically with or without additional selective decontamination of the digestive tract (SDD). Our study demonstrates that colon resection-induced bacterial translocation may play a pivotal role in development of liver metastases. This support that prevention of bacterial translocation during surgery may improve patient long term survival.

Results {#S0002}
=======

Surgical resection of colorectal tumors induces changes in white blood cell (WBC) composition and release of inflammatory mediators {#S0002-S2001}
-----------------------------------------------------------------------------------------------------------------------------------

To investigate the impact of CRC surgery on the numbers and activation of circulating immune cells as well as on release of inflammatory markers in plasma we collected peripheral blood samples from patients who underwent surgical resection of primary colorectal carcinoma. In total 9 patients were included for this study (see supplemental [table 1](#T0001) for patient characteristics). Six out of nine patients were operated with minimal invasive surgery. Due to the small patient numbers we were unable to address potential differences between laparotomy versus minimal invasive surgery. Increased numbers of WBCs were found in per- or post-operative blood samples of 8 out of 9 patients compared to pre-operative blood samples ([Table 1](#T0001), and [Figure 1A](#F0001)). Microscopic analyses of blood smear samples demonstrated that the percentages of lymphocytes and monocytes were significantly decreased in post-operative blood samples of the majority of patients, but no differences were observed in absolute numbers. Increased granulocyte numbers were present in per- or post-operative blood samples. In comparison to the pre-operative blood samples, expression of MHCII on monocytes was decreased post-operatively in 6 patients.10.1080/2162402X.2018.1461302-T0001Table 1.cell numbers and expression of MHCII by monocyte cells; as well as levels of IL-6, TNFα and CRP in plasma samples of patients. N.D.: not determined. Two tailed Wilcoxon signed-rank tests were used to test the differences in patients' blood or plasma samples. P values \<0.05 (indicated in bold) were considered significantly different. Pt 1Pt 2Pt 3Pt 4Pt 5Pt 6Pt 7Pt 8Pt 9pre-perpre-postper-post**WBC (x10^[6](#CIT0006)^ cell/ml)**            pre-75.26.65.43.65.77.26.53.2**p = 0.025p = 0.033**p = 0.67per-19.38.3ND4.910.49.98.86.75.2   post-23.76012.821.66.59.67.36.42.3   **Lymphocytes (x10^[6](#CIT0006)^ cell/ml) (%)**            pre-NDND1.78 (27)1.62 (30)0.72 (20)0.63 (11)0.29 (4)1.37 (21)0.22 (7)p = 0.25p = 0.18p = 0.46per-NDNDND1.03 (21)0.73 (7)0.60 (6)0.26 (3)0.94 (14)0.57 (11)   post-NDND1.79 (14)1.94 (9)0.52 (8)0.10 (1)0.22 (3)0.96 (15)0.21 (9)   **Monocytes (x10^[6](#CIT0006)^ cell/ml) (%)**            pre-NDND0.66 (10)0.65 (12)0.29 (8)0.74 (13)1.01 (14)1.76 (27)0.67 (21)p = 0.75p = 1.00p = 0.46per-NDNDND0.64 (13)0.94 (9)0.50 (5)1.06 (12)1.47 (22)0.94 (18)   post-NDND0.90 (7)1.94 (9)0.65 (10)0.58 (6)0.73 (10)1.34 (21)0.37 (16)   **Granulocytes (x10^[6](#CIT0006)^ cell/ml) (%)**            pre-NDND4.16 (63)3.13 (58)2.60 (72)4.33 (76)5.90 (82)3.45 (53)2.30 (72)**p = 0.028p = 0.043**p = 0.46per-NDNDND3.19 (65)8.74 (84)8.81 (89)7.66 (87)4.29 (64)3.69 (71)   post-NDND10.11 (79)17.7 (82)5.33 (82)8.93 (93)6.35 (87)4.10 (64)0.37 (75)   **MHCII (geomean)**            pre-2221010837744421179357278p = 0.092p = 0.066p = 0.25per-139845ND92197165420232   post-15353761292117181390201   **IL-6 (pg/ml)**            pre-00005.99.2000p = 0.11**p = 0.012p = 0.018**per-014.4ND0116.813.9000   post-40.8187.222.657.9351.4105.84.604.6   **TNFα (pg/ml)**            pre-03.9138.790.934.923.233.664.412.98p = 0.61p = 0.050p = 0.091per-07.49ND0.537.4916.75.152.717.75   post-03.6632.470.024.1517.874.652.026.44   **CRP (μg/ml)**            pre-\>5.500.28\>5.500.230.614.001.560.290.21p = 1.00p = 0.89p = 0.89per-2.360.22ND0.320.732.271.780.270.45   post-2.320.39\>5.500.200.1244.231.590.740.24    10.1080/2162402X.2018.1461302-F0001Figure 1.Rapid induction of inflammatory response during surgical resection of CRC. **A**: WBCs counts (pre-per p = 0.025, pre-post p = 0.033). **B**: absolute numbers of granulocytes. **C**: absolute numbers of monocytes. **D**: absolute numbers of lymphocytes (pre-per p = 0.028, pre-post p = 0.043). **E**: Expression of MHCII by CD14^+^ monocytes.

We also investigated the effects of resection of colorectal carcinoma on the levels of inflammatory mediators in plasma samples. The level of IL-6 was increased in post-operative plasma samples of 8 out of 9 patients compared to pre- or per-operative samples ([Figure 2A](#F0002)). In contrast, the level of TNFα was decreased post-operatively in plasma samples of 5 patients compared to pre-operative samples ([Figure 2B](#F0002)). The level of C-reactive protein (CRP) in plasma samples was not affected during surgery ([Figure 2C](#F0002)).10.1080/2162402X.2018.1461302-F0002Figure 2.Surgical procedure stimulate rapid alterations of inflammatory markers levels during surgical resection of CRC. **A-C**: Levels of IL-6 (**A**) (pre-post p = 0.012, per-post p = 0.018), TNFα (**B**) and CRP (**C**) in pre-, per- and post-operative plasma samples.

Surgery enhances the expression of ROS producing enzymes in the liver {#S0002-S2002}
---------------------------------------------------------------------

To investigate the effects of surgery on the liver we collected liver biopsies from patients undergoing surgical resection of CRC liver metastases. Four patients were included. Liver biopsies were taken at the start and end of the operation. Since our previous experiments in rats indicated that surgery led to production of ROS in the liver,^[17](#CIT0017)^ we analyzed the expression of ROS producing NOX enzymes in patient liver samples. Immunohistochemical analysis demonstrated that the total area of NOX-2 positivity was increased in post-operative samples ([Figure 3A](#F0003)). Furthermore, we observed enhanced expression of NOX-4 in post- operative liver samples, which was due to higher numbers of NOX-4 positive cells per field of view ([Figure 3B](#F0003)). Double staining in liver samples showed that NOX-2 expression was restricted to CD68-positive cells in the liver, which were likely KCs based on their cellular shape and characteristic distribution around the portal triad ([Figure 3C](#F0003)). The number of CD68 positive cells in per- and post-operative liver samples was unaffected (Supplemental [Figure 1](#F0001)). The larger area of NOX-2 expression supported that the expression of NOX-2 per cell was increased in post-operative liver samples ([Figure 3A](#F0003)). NOX-4^+^ cells were PMNs as evidenced by the expression of granulocytes activation marker CD66b ([Figure 3D](#F0003)).10.1080/2162402X.2018.1461302-F0003Figure 3.Surgery enhances the expression of ROS producing enzymes in liver samples of patients. **A**: representative images and quantification of NOX-2 expression in per- or post-operative liver samples of patients. (n = 4) **B**: representative images and quantification of NOX-4 expression in per- or post-operative liver samples of patients, fov = field of view, (n = 4). **C**: representative images of CD68 and NOX2 expression in per- (upper panels) or post-operative (lower panels) liver samples. Green: CD68, Red: NOX-2, blue: cell nuclei, scale bar is 100 μm. **D**: representative images of CD66b and NOX4 expression in per- (upper panels) or post-operative (lower panels) liver samples. Green: CD66b, Red: NOX-4, blue: cell nuclei, scale bar is 100 μm. \*p\<0.05, \*\*\*p\<0.001.

Colectomy augmented tumor cell adhesion in the liver and metastases outgrowth in rats {#S0002-S2003}
-------------------------------------------------------------------------------------

To determine the effects of surgery on tumor cell adherence and tumor development in the liver we established an experimental model, in which rats underwent partial resection of the colon (partial colectomy). We investigated whether colectomy influenced tumor cell adherence in the liver compared to laparotomy (sham operation). A group that received anesthesia only served as control group. To avoid intra-operative contamination (or other differences) due to a longer operative time, al procedures (anesthesia only, laparotomy, or colectomy) lasted 45 minutes. We observed an increase in tumor cell adhesion after laparotomy, which was further augmented after a partial colectomy ([Figure 4A](#F0004) and [B](#F0004)). Laparotomy increased the development of liver metastases, compared to controls rats ([Figure 4C](#F0004)). However, the highest numbers of tumor nodules were found in the group of rats that underwent partial resection of the colon, compared to rats from control or laparotomy group. No metastases were visible in other organs at the time of sacrifice in all groups.10.1080/2162402X.2018.1461302-F0004Figure 4.Colorectal cancer surgery augments tumor cell adhesion. **A**: Representative images of tumor cell numbers in the livers of control rats, after laparotomy or partial colectomy. (n = 6 per group). Red: DiI-labeled CC531s cells, blue: cell nuclei. Scale bar is 100 μm. Quantification of tumor cells (**B**) or tumor nodules (**C**) in the livers of rats from control, laparotomy or colectomy groups. (n = 12/group). \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. Cont: control, Lap: laparotomy, Col: colectomy.

To investigate whether colectomy may result in bacterial contamination, we determined bacterial outgrowth from smear samples that were collected during partial colectomy in rats. Smear samples were taken from the exterior of the colon wall at the beginning of the operation (pre-operative), during the operation (per-operative) and after the colon segment had been removed and an anastomosis was made (post-operative). Smear samples were plated and bacterial outgrowth was allowed overnight. No bacterial colonies were seen after plating pre-operative smears ([Figure 5A](#F0005) and [B](#F0005)). However, we observed a significantly increased bacterial outgrowth from per-operative smear samples that were taken after the first incision in the colon was made. Furthermore, the highest numbers of bacterial colonies were observed when smear samples were taken of the suture after closure of the anastomosis. This indicated that a partial colectomy led to bacterial contamination of the peritoneal cavity. To investigate whether bacterial translocation resulted in presence of bacterial products in peripheral blood we measured the levels of D-lactate, which is a product of bacterial fermentation in the gastrointestinal tract,^[42](#CIT0042)^ in plasma samples of animals that had been taken 2 hours post-operatively. The level of D-lactate was significantly enhanced in plasma samples of animals that underwent partial colon resection, compared to the plasma samples of rats from control rats or laparotomy group ([Figure 5C](#F0005)), supporting systemic contamination. Furthermore, incubation of bone marrow-derived macrophages with plasma samples from rats that had been collected after colon resection induced higher production of ROS, compared to plasma samples of rats from control or laparotomy groups ([Figure 5D](#F0005)). The IS-pro results of fecal samples demonstrated that all rats had a highly individualized and diverse microbiota composition with a diverse array of Bacteroidetes, Firmicutes and Proteobacteria ([Figure 5E](#F0005)).10.1080/2162402X.2018.1461302-F0005Figure 5.Partial colon resection facilitates bacterial translocation into the peritoneal cavity. **A**. Representative images of bacterial culture plates from smear samples that were taken from the exterior of the colon wall at begin of surgery (pre-operative), during the operation (per-operative) and after the colon segment had been removed and an anastomosis was made (post-operative). **B**: Numbers of bacterial colonies from swaps that were taken from the exterior of the colon wall pre-, per- or post-operatively. (n = 6 per group). **C**: Levels of D-lactate in peripheral blood samples of rats from the control, laparotomy or colectomy group, which had been sacrificed 2 hours post-operatively. **D**: Intracellular ROS levels in bone marrow-derived macrophages, which had been incubated with plasma samples of rats from control, laparotomy or colectomy group that had been sacrificed 2 hours post-operatively. \*\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. Expression of tight junction proteins (**E**) Characterization of the microbiota composition of rat feces (**F**) ZO-1 (green) or (**G**) Claudin-5 (red) in the livers of rats from control, laparotomy or colectomy group. Scale bar is 100 μm. Blue: cell nuclei. Cont: control, Lap: laparotomy, Col: colectomy.

Since abdominal surgery affected the vascular integrity of the liver and facilitated distant adherence of tumor cells^[17](#CIT0017)^ we next investigated the effect of colon resection on the vascular lining of the liver. We found decreased expression of the tight junction molecules ZO-1 and Claudin-5 in liver samples of animals from either laparotomy or colectomy group, indicating loss of cell-cell contact ([Figure 5F](#F0005) and [G](#F0005)).

Immunohistological staining of rat liver samples demonstrated that the numbers of ED-1^+^ monocytes/macrophages in control, laparotomy or colectomy groups ([Figure 6A](#F0006)) were comparable, indicating that surgery had no effect on accumulation of monocytes. However, we observed a significantly increased numbers of PMNs in the liver postoperatively, especially in rats that underwent a partial colectomy ([Figure 6B](#F0006)). This supports that colectomy leads to sequestration of PMNs in the liver and is comparable to our observations in the post-operative liver samples of patients as shown in [Figure 3B](#F0003).10.1080/2162402X.2018.1461302-F0006Figure 6.partial colon resection results in accumulation of granulocytes in the liver. **A**: representative images and quantification of the amount of ED1^+^ (monocytes/macrophages) cells in liver samples from the control rats or rats that underwent either laparotomy or colectomy. Green: ED1^+^ cells, blue: cell nuclei. **B**: representative images and numbers of granulocytes in liver samples of rats after anesthesia, laparotomy or colectomy. Green: His48^+^ cells, blue: cell nuclei. Scale bar is 100 μm. \*\*p\<0.01, \*\*\*p\<0.001. Cont: control, Lap: laparotomy, Col: colectomy.

A SDD regime reduced tumor cell adhesion in the liver {#S0002-S2004}
-----------------------------------------------------

To further investigate the influence of bacterial contamination after colectomy on tumor cell adherence, rats were treated with a selective decontamination of the digestive tract (SDD) regime. Pre-operative treatment with this antibiotic cocktail significantly decreased the adherence of tumor cells in the liver of rats undergoing colectomy compared to rats, which had not been treated with antibiotics (colectomy^+SDD^ *vs* colectomy^--SDD^) ([Figure 7](#F0007)). The SDD regime had no influence on tumor cell adherence in rats receiving anesthesia only, or on rats that underwent the sham operation, supporting that bacterial spillage during colon resection facilitates tumor cell adhesion in the liver.10.1080/2162402X.2018.1461302-F0007Figure 7.Numbers of tumor cells per field of view (fov) in the liver of rats that were treated without (black bars) or with SDD (white bars) regime and underwent anesthesia alone, laparotomy or colectomy. \*\* p \< 0.01.

Discussion {#S0003}
==========

Resection of primary CRC is a necessary procedure, and provides the best chance of cure for patients. Unfortunately, in a sub-population of patients, who do not have evidence of metastatic disease at the time of resection, liver metastases will develop post-operatively.^[3](#CIT0003),\ [4](#CIT0004)^ This supports that these patients had either undetectable micro-metastases or circulating tumor cells, which can grow out into distant metastases after successful removal of the primary tumor. It has been suggested that surgery increase the risk of liver metastases development.^[15](#CIT0015),\ [16](#CIT0016),\ [43](#CIT0043)^

In response to surgery-induced tissue injury immune cells like monocytes and PMNs are activated. In the current study we observed an increase in WBCs and granulocytes cell counts in per- and/or post-operative blood samples. We also found enhanced levels of IL-6 in post-operative plasma samples. A trend towards lower MHC class II expression on monocytes (p = 0.066) was observed. Previous studies also demonstrated a decrease in MHCII expression after surgery.^[44](#CIT0044),\ [45](#CIT0045)^ Furthermore, an increase in levels of IL-6, CRP and D-lactate was reported.^[44](#CIT0044)--[50](#CIT0050)^ In all of these studies patient blood samples were collected several hours to days after closure of the abdominal cavity. In our study we collected blood samples from the induction of anesthesia to immediately after closure of the abdominal cavity by suture. As reflected by our data, the observed alterations in blood cell counts as well as inflammatory markers are already measurable during the procedure. In the current study the levels of CRP were unaltered. This may be due to delayed release of CRP after post-operative day 1, as demonstrated by previous studies.^[45](#CIT0045)-[50](#CIT0050)^ The small number of patients is a limiting factor of the study, and it would be interesting to investigate more patients and/or time points after surgery.

In our experimental model we observed that colon resection caused bacterial translocation into the abdominal cavity. Additionally, the levels of D-lactate were significantly elevated in plasma samples of rats after colectomy, which suggested that bacterial components were diffused into the blood circulation. Furthermore, the numbers of adhered tumor cells as well subsequent tumor outgrowth in the liver after colon resection was significantly increased. It has been demonstrated that injection of endotoxin in an experimental model enhanced colon carcinoma cell adhesion in the liver.^[51](#CIT0051),\ [52](#CIT0052)^ Importantly, a recent study demonstrated that bowel mobilization already led to bacterial translocation in patients.^[40](#CIT0040)^ Furthermore, patients with anastomotic leakage or who encountered bacterial translocation after a colectomy had poor disease-free survival,^[41](#CIT0041)^ indicating that bacterial contamination had a negative impact on long-term patient outcome. Even though this simplified surgical rat model does not completely reflect the human situation, as multiple peri- and post-operative factors (e.g. complete mesocolic excision)^[53](#CIT0053)^ may influence patient outcome, collectively our data support that bacterial spillage during CRC resection may contribute to liver metastases outgrowth. Fecal sample analysis demonstrated that all rats had a highly individualized microbiota composition with a highly diverse array of Bacteroidetes, Firmicutes and Proteobacteria. Due to this highly individualized microbiota, it was not possible to pinpoint individual bacterial species that we would expect to translocate to the bloodstream after surgery. However, on a higher taxonomic level, it could be seen that the rat microbiota was dominated by the phyla Bacteroidetes, Firmicutes and Proteobacteria. Microbial products are potent activators of macrophages by robust stimulation of ROS production and release.^[18](#CIT0018)^ Because KCs are *in vivo* in close contact with sinusoidal endothelial cells, activation of KCs by bacterial components may lead to production and release of ROS and damage the liver vascular integrity. We previously demonstrated that incubation of macrophage-endothelial co-culture with bacterial endotoxin led to damage of endothelial monolayer, which was prevented by addition of ROS scavenger.^[51](#CIT0051)^ Damaged endothelial monolayers exposed the underlying extracellular matrix (ECM) and enabled adhesion of tumor cells to the exposed ECM.^[17](#CIT0017)^ In the current study we demonstrated that the expression of the ROS producing enzymes NOX-2 and NOX-4 was increased in post-surgical liver samples of patients. Expression of NOX-2 or NOX-4 was restricted to KCs or PMNs, respectively, supporting that surgery results to ROS production in the liver of patients. Furthermore, we previously demonstrated decreased expression of tight junction molecule Claudin-5 in post-surgical liver samples^[17](#CIT0017)^ indicating that ROS production may lead to liver damage. Importantly, tumor cells can adhere to exposed ECM, indicating that damaged vascular lining may facilitate tumor cell adhesion.

Experimental therapy using an anti-oxidant to prevent metastases formation proved unsuccessful^[17](#CIT0017)^ indicating that ROS production may lead to liver damage. This was likely due to interference with tumor cell killing by macrophages, which is a ROS-dependent process. A more successful approach may therefore be the prevention of immune cell activation by inflammatory mediators and/or bacterial components. Recently, in a mouse model LPS was shown to stimulate metastases outgrowth in the liver.^[44](#CIT0044)^ Therefore, blockade of the interaction between LPS and its receptor TLR4 on immune cells by either LPS scavengers or TLR4 antagonists may be used to prevent tumor development. Alternatively, it has been demonstrated that SDD with antibiotics prior to resection of colorectal carcinoma reduced post-surgical infectious complications and anastomotic leakage.^[54](#CIT0054)^ We observed that treatment of rats with a SDD regime prior to colectomy resulted in diminished adherence of tumor cells in the liver, compared to untreated animals. Taken together, it is likely that the bacterial load as well as blood endotoxin concentrations are reduced after SDD, which may lead to a decreased risk of developing liver metastases and improved oncological outcome for patients. Designing optimal pre- or per-operative therapeutic strategies will ultimately greatly improve patient outcome.

Materials and Methods {#S0004}
=====================

All patients gave informed consent according to the guidelines of the medical ethics committee (METC) of the VUmc. Peripheral blood samples (10 ml) were collected pre-, per- and post-operatively in Heparin Vacutainer (BD Falcon, Bedford, MA) during surgical removal of colorectal tumor (METC 2011/101, see supplemental [table 1A](#T0001) for patient characteristics). Pre-operative samples were taken directly after induction of anesthesia. Per-operative samples were taken 1 hour after the first incision and post-operative samples were obtained immediately after closure of the abdominal cavity by suture.

Additionally, liver samples from patients undergoing resection of liver metastases from colorectal cancer (METC 2011/100) were taken at the beginning and end of the of resection of colorectal liver metastases (per- and post-operative) and snap frozen in liquid nitrogen for microscopic analysis.

Patient blood samples {#S0004-S2001}
---------------------

The numbers of white blood cells (WBCs) were determined with tryphan blue exclusion. The Diff-Quick Staining Kit (Cruinn Diagnostics Limited, Dublin, Ireland) was used to differentiate between granulocytes, monocytes and lymphocytes. The numbers of cells were determined microscopically.

Blood samples were incubated with fluorescently labeled antibodies against CD14 (Biolegend, San Diego, CA), CD15 (Biolegend) or HLA-DR (Biolegend) for 30 minutes on ice. Red blood cells were lysed by using lysis buffer (BD Falcon) and samples were centrifuged. After washing with PBS which was supplemented with 0.5% BSA samples were measured by flow cytometry with a Cyan ADP High Performance Research Flow Cytometer (Beckman Coulter Inc., Brea, CA). Data analysis was performed with the software FlowJo10 (FlowJo, LLC, Ashland, OR).

Alternatively, blood samples were centrifuged for 7 minutes at 1300 rpm and after separation of cells, plasma was centrifuged for 5 minutes at 2500 rpm. Samples were aliquoted and stored at -80°C for further analysis.

The levels of interleukin-6 (IL-6), tumor necrosis factor alpha (TNFα and C-reactive protein (CRP) were determined in plasma samples with a human IL-6 ELISA kit (Sanquin, Amsterdam, the Netherlands), human TNFα ELISA kit (Sanquin) or CRP instant ELISA kit (eBioscience, Vienna, Austria), according to the instructions of the manufacturers.

Tumor cell culture {#S0004-S2002}
------------------

The CC531s tumor cell line is a moderately differentiated colonic adenocarcinoma, which is transplantable in Wag/Rij rats.^[7](#CIT0007),\ [16](#CIT0016)^ CC531s tumor cells were cultured under standard incubator conditions in DMEM (Gibco, Irvine, UK) supplemented with 10% heat-inactivated fetal calf serum (FCS, Gibco), 100 U/ml penicillin, 100m μg/ml streptomycin and 200mM L-glutamine (hereafter referred to as complete DMEM). Cell suspensions were prepared by enzymatic detachment with trypsin-EDTA solution, and contained both single tumor cells and small cell clusters (2-8 cells). Viability was assessed by a tryphan blue exclusion staining and was always \>95%. CC531s tumor cells were fluorescently labeled for short-term experiments, by incubation in complete DMEM containing 5 μg/ml 1,1'dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DiI, Sigma-Aldrich, St Louis, MO) for 30 minutes at 37ºC. Cells were subsequently washed with HBSS, according to the manufacturer's instructions, and suspended in HBSS for further use in experiments

Animals {#S0004-S2003}
-------

Male inbred Wag/Rij rats (200-220g, Charles River, Maastricht, the Netherlands) were kept under standard laboratory conditions and had access to food and water *ad libitum*. The Committee for Animal Research of the VUmc approved all experiments, according to institutional and national guidelines.

Animal models {#S0004-S2004}
-------------

In order to study the adherence of tumor cells and outgrowth of liver metastases in the absence of trauma, or presence of surgical trauma and/or bacterial products, portal veins of rats were first catheterized as described previously.^[16](#CIT0016)^ Briefly, rats received a midline incision under isoflurane anesthesia, after which the portal vein was exposed. A 2-french silicon catheter was secured after insertion in the portal vein with a purse-string suture. The catheter was passed through the muscle wall and tunneled subcutaneously towards the subcutaneous pocket between the scapulae of the animal, where an attached mini vascular access port was positioned. The catheter was flushed every other day with glycerol containing heparin (50 IU/ml) to prevent clotting of the catheter.

Animals were allowed a 14-day recovery period, after which they were divided into 3 groups. Group 1 was a control group, which received isoflurane anesthesia only for 45 minutes (= maximum duration of surgery in other groups). Rats in group 2 underwent a sham operation, which was defined as midline laparotomy (laparotomy group). Briefly, the intestines were transferred out of the abdominal cavity, covered with moist gauze for 45 minutes, after which intestines were replaced in the abdominal cavity and the wound sutured. In group 3, rats underwent a partial colectomy with an end-to-end anastomosis, in which a segment of the colon was removed and both ends sutured (colectomy group). This procedure lasted 45 minutes in total. Smear samples from the colon wall were taken with a cotton swab at the beginning of the operation (pre-operative), during the operation (per-operative) and after the partial resection at the anastomosis site (post-operative). Tryptone (10gr/L), yeast extract (5gr/L) and agar (15gr/L) was dissolved in 1L distilled water, autoclaved, cooled and subsequently poured into culture plates. Smear samples were plated and cultured for 24 hours under aerobic conditions in an incubator at 37ºC, after which bacterial colonies were determined. Furthermore, fecal samples obtained at the site of the resection and anastomosis were analysed with IS-PRO. The IS-pPRO technique is a standard designed procedure for routine microbiota analysis, which was used for microbiota composition characterization, as described previously.^[55](#CIT0055)^

All animals (control-, laparotomy- and colectomy groups; n = 6/group) received 2 × 10^[6](#CIT0006)^ DiI-labeled CC531s tumor cells in 500 μl HBSS through the catheter in short-term experiments. Animals were sacrificed 2 hours post-operatively, after which liver samples were snap frozen for further analysis. Additionally, blood samples were taken via a cardiac puncture, and centrifuged for 5 minutes at 300 g. Plasma samples were collected and stored at -80°C for further analysis. Alternatively, for long-term experiments, 2 × 10^[5](#CIT0005)^ CC531s tumor cells were injected through the catheter. Animals were sacrificed 14 days after tumor cell injection (n = 12/group). Tumor nodules were scored macroscopically by two blinded independent investigators. Experiments were repeated three times.

In an additional set of experiments, rats received a selective decontamination of the digestive tract (SDD) regime, prior to surgery. The SDD prophylaxis antibiotic cocktail consisted of 20mg/ml polymyxine E sulfate, 16mg/ml tobramycin (narrow band gram-negative antibiotic) and 5mg/ml amphotericin B (a broad spectrum anti-fungal). Rats received either normal drinking water or drinking water supplemented with the SDD cocktail for 5 days.

At 6 days the rats were divided in different experimental groups. Groups 1 and 2 received anesthesia only with or without SDD regime (anesthesia^SDD--^ or anesthesia^SDD+^), whereas groups 3 and 4 underwent a sham operation, which was defined as midline laparotomy (laparotomy^SDD--^ or laparotomy^SDD+^). Groups 5 and 6 underwent a subtotal colectomy (colectomy^SDD--^ or colectomy^SDD+^). Surgical procedures are described above. All animals (n = 6/group) received 2 × 10^[6](#CIT0006)^ DiI-labeled CC531s tumor cells in 500 μl HBSS through the catheter.

Bone marrow-derived macrophages culture {#S0004-S2005}
---------------------------------------

Bone marrow was harvested from freshly isolated femur, tibia and humerus from healthy Wag/Rij rats. After removal of connective tissues and muscles, bone marrow was flushed and single cell suspensions were made by passing bone marrow through sterile 70 µm filters (BD Falcon). Cells were allowed to differentiate into macrophages incubation for 7 days with complete DMEM supplemented with 15% L929 conditioned medium (containing macrophage-colony stimulating factor). Macrophages were harvested by 15 minutes incubation with trypsin-EDTA and subsequent scraping with a cell scraper. Macrophages were seeded in black clear-bottom 96-well plates (1 × 10^[5](#CIT0005)^ cells/well).

D-lactate and ROS measurement {#S0004-S2006}
-----------------------------

D-lactate was detected with a D-lactate colorimetric assay kit (Biovision). Plasma samples from control rats, or from the laparotomy or colectomy groups were diluted to 6.25% in HBSS. Macrophages were incubated with plasma samples for 3 hours. After washing, 10 μM CM-H~2~DCFDA (Molecular Probes, Eugene, OR), reflecting intracellular ROS levels, was added and cells were incubated for 1 hour in the incubator. Fluorescence was measured (485 nm excitation/520 nm emission filters; Fluostar Galaxy, BMG Lab technologies, Offenburg, Germany).

Fluorescence microscopy {#S0004-S2007}
-----------------------

Cryostat liver sections from human or rat samples (5 μm) were fixed for 10 minutes in acetone and air-dried. After blocking with 10% normal goat serum or donkey serum for 15 minutes, human liver slides were incubated for 1 hour with primary antibodies against CD66b (granulocytic cell activation marker, BD Pharmingen, Franklin Lakes, NJ), NOX-2 (gp91^phox^)^[51](#CIT0051)^ NOX-4 (Santa Cruz Biotechnology, Inc, Dallas, TX) and CD68 (LabNed, Amstelveen, The Netherlands). Rat liver slides were incubated with primary antibodies ED1 (marker for monocytes and macrophages, Serotec, Oxford, UK), His48 (marker for granulocytes, BD Pharmingen, Germany), claudin-5 or zona occludens 1 (ZO-1, Zymed Laboratories, San Francisco, CA), at room temperature in a humidified tissue chamber. After washing, visualization was achieved by incubation with Alexa-488, -555, or -647, labeled secondary goat anti- mouse antibodies (Molecular Probes, Eugene, Oregon). Cell nuclei were stained with Hoechst (10 μg/ml, Molecular Probes). Sections were washed, mounted and examined with a Leica DM6000 fluorescent microscope (Leica Microsystems BV, Rijswijk, the Netherlands). The numbers of DiI-labeled tumor cells in rat liver samples were quantified in 20 stitched fields per liver sample with the digital image analysis program AnalySIS (Soft Imaging System GmbH, Munster, Germany). Through a constant predefined threshold for color components, expression of Claudin-5 and ZO-1 tight junction molecules was examined. Also expression of Nox-2 and Nox-4 were examined through a constant predefined threshold for color component per area.

Two tailed Wilcoxon signed-rank tests were used to test the differences in patients' blood or plasma samples. ANOVA tests were used for comparison between three animal groups (control, laparotomy and colectomy). Statistical significance was accepted at p\<0.05.
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